Background: Accelerated formation and tissue accumulation of advanced glycation endproducts (AGEs), reflecting cumulative glycemic and oxidative stress, occur in age-related and chronic diseases like diabetes mellitus (DM) and renal failure, and contribute to vascular damage. Skin autofluorescence (AF), a noninvasive measurement method, reflects tissue accumulation of AGEs. The aim of our study was to determine the predictive value of skin AF on overall and cardiovascular mortality in hemodialysis patients. Methods: Baseline skin AF was measured in 105 patients on hemodialysis, 23 had DM. Survival status was assessed after a mean follow-up period of 4.9 years (interquartile range 2.3-6.9 years). Results: Multivariate Cox regression analysis showed skin AF (hazard ratio (HR) 1.83; 95% confidence interval (CI) 1.32-2.54), preexisting cardiovascular disease (CVD) (HR 2.77; 95% CI 1.48-5.18), renal replacement therapy duration (HR 1.10; 95% CI 1.01-1.19), age (HR 1.03; 95% CI 1.01-1.06), serum albumin (HR 0.90; 95% CI 0.85-0.95), hematocrit (HR 0.92; 95% CI 0.86-0.98), phosphorus (HR 2.01; 95% CI 1.15-3.49), and parathyroid hormone (HR 0.99;) to be predictors of mortality, whereas DM was not. Preexisting CVD and serum phosphorus were the only predictors of cardiovascular mortality. Conclusion: Skin AF showed to be an independent predictor of overall mortality in hemodialysis patients, but it had no predictive value for cardiovascular mortality.
Introduction
Overall and cardiovascular mortality rate is much higher in subjects with end-stage renal disease compared to the general population [1] [2] [3] [4] . A contributing factor to the development of vascular damage is the formation and accumulation of advanced glycation endproducts (AGEs), which progressively occurs in all individuals with ageing. Accelerated formation and tissue accumulation of AGEs on proteins with slow turnover, occur in patients with chronic diseases like diabetes mellitus (DM), chronic renal failure, neurodegenerative diseases, and systemic inflammatory diseases. These AGEs are formed nonenzymatically under circumstances of glycemic or oxidative stress. Compared to healthy subjects, increased oxidative stress and reduced antioxidant levels have been found in patients with chronic kidney disease or those on hemodialysis. Oxidative stress, which accompanies uremia, increases the inflammatory state and promotes the alterations of certain molecules such as proteins, lipids, and carbohydrates [5] [6] [7] . Additionally, the impaired excretion of the breakdown products of AGE cross-linked proteins, the so-called AGE free peptides and adducts, further contributes to the accumulation of AGEs in patients with chronic kidney disease. AGEs formed under pro-inflammatory and pro-oxidative circumstances will contribute to endothelial dysfunction, and are associated with the occurrence of cardiovascular disease (CVD) [8, 9] .
A substudy of the Diabetes Control and Complications Trial (DCCT) showed that AGE levels in skin biopsies predicted the risk of development or progression of microvascular disease in type 1 DM, an observation which is suggestive for the deleterious effects of AGEs on the vascular wall [10] .
Tissue accumulation of AGEs can be assessed in skin biopsies, but this is an invasive method. The autofluorescence (AF) reader, a noninvasive device, is based on the fluorescence properties of certain AGEs. The degree of skin AF reflects the level of tissue accumulation of AGEs reasonably well. This method has been validated against specific AGE levels in skin biopsies in patients with diabetes, patients on hemodialysis and in healthy control subjects [11, 12] . Cross-sectional and longitudinal analyses have already shown the relationship between skin AF as a marker of tissue AGEs, and vascular morbidity and mortality in DM, and mortality in hemodialysis. Cross-sectional analyses also showed the association of skin AF with renal and cardiovascular risk factors in stage 3 and predialysis CKD patients [12] [13] [14] [15] [16] [17] [18] .
The aim of the present study was to address the predictive value of skin AF on overall and cardiovascular mortality in hemodialysis patients.
Subjects and Methods

Study Group
Between August 2003 and February 2004, 105 hemodialysis patients who dialyzed in the hemodialysis center of the Isala Clinics in Zwolle, The Netherlands, were included in the study cohort. These hemodialysis patients had a three times weekly scheme with variable duration of dialysis, all were using biocompatible low-flux membranes. Patients with Fitzpatrick class V-VI skin type were excluded from participation, because of the reduced ability of the prototype AF reader to reliably measure AF in these dark skin types. This inability is due to the high absorption of both the excitation and emission light when using an ultraviolet light source with a certain peak intensity [19, 20] .
At the end of follow-up, in January 2011, survival status of all patients was assessed. Approval by the local ethic committee had been obtained and informed consent was given by all of the included patients.
Data Collection and Definitions
Clinical data and laboratory results were obtained at the time of the baseline skin AF measurement. Laboratory data included serum non-fasting total cholesterol, creatinine, urea, albumin, hemoglobin, hematocrit, calcium, phosphorus and parathyroid hormone (PTH), all measured according to the standard laboratory procedures. Physical assessment data included body mass index and blood pressure. Blood pressure assessment was the average of three measurements obtained after disconnection of the hemodialysis session in supine position, using an aneroid device, in the week before the skin AF measurement.
Diagnosis of DM was confirmed using ADA criteria. The European Dialysis and Transplant Association Codes were used to define the primary diagnosis of renal failure, subdivided in divisions: primary glomerulonephritis, interstitial nephropathies, multisystem diseases, DM and not known/other. Some DM patients needed dialysis due to another cause of renal disease than diabetic nephropathy.
CVD was defined as: ischemic heart disease (International Classification of diseases (ICD-9) codes 410-414 and/or a history of coronary artery bypass surgery or percutaneous coronary intervention), cerebrovascular accidents or peripheral vascular disease (clinical history of intermittent claudication, percutaneous transluminal angioplasty, bypass surgery and/or limb amputation). The presence of macrovascular complications was assigned when meeting at least one of the criteria for CVD.
Skin Autofluorescence
Skin AF was measured at the lower, non-fistula arm by the AF reader (prototype of the current AGE Reader; DiagnOptics BV, Groningen, The Netherlands), a noninvasive device which illuminates a skin surface of ϳ 1 cm 2 , with an excitation ultraviolet light source with peak intensity at ϳ 370 nm. Emission light and reflected excitation light from the skin are measured with a spectrometer in the 300-600 nm range. AF was computed by dividing the average light intensity of the emission spectrum (420-600 nm) by the average light intensity of the excitation spectrum (300-420 nm), multiplied by hundred and expressed in arbitrary units (AU). Assessing skin AF is not a time-consuming method and the operation of the device requires no special training or skills. Reproducibility has been tested before and the interindividual measurements and intraindividual seasonal variance showed a mean relative error of ϳ 5% [21] .
Statistical Analyses
Student's t test was used to compare groups with respect to quantitative variables, and Cox regression analysis was used to estimate the effect and the 95% confidence interval (CI) of each predictor: skin AF, serum albumin, DM, preexisting CVD, renal replacement therapy duration at baseline, age, pulse pressure, hematocrit, serum phosphorus and PTH on overall and cardiovascular mortality, both in a univariate and in a multivariate model correcting for all other predictors.
Results
Baseline characteristics are shown in table 1 ; patients were subdivided in a surviving patient group and a nonsurviving patient group. Mean age of all the 105 included patients was 65 years, 68% were male, and 93% were Caucasian (7% Asian). Causes of end-stage renal disease were classified in 9% of all patients as DM, in 31% as hypertension or renovascular disease, in 21% as primary glomerular disorders and in 39% as having another primary disorder causing end-stage renal disease. There were 23 type 2 DM patients (there were no type 1 DM patients in our hemodialysis group at that time point) who appeared well controlled with a mean HbA 1c 8 SD of 6.8 8 1.2% (51 8 13 mmol/mol). Obviously, at baseline, the nonsurviving patients were older, had a higher percentage of DM and preexisting CVD, had a higher pulse pressure, a lower albumin level and a higher skin AF level. After a median follow-up time of 4.9 years (interquartile range 2.3-6.9 years), the overall mortality rate was 66%, and cardiovascular mortality rate was 32%. Crude mortality rate was higher amongst the DM patients: 87% (20/23) versus 60% (49/82) in the non-DM group (p = 0.02).
Univariate Cox regression analysis showed that preexisting CVD and skin AF were the most predictive markers of overall mortality: HR 3.44 (95% CI 2.07-5.74), and 1.72 (95% CI 1.32-2.23). DM status had statistically significant predictive value for overall mortality in univariate analysis, but not in multivariate Cox regression analysis ( table 2 ), whereas skin AF, serum albumin, preexisting CVD, renal replacement therapy duration at baseline, age, hematocrit, serum phosphorus and PTH showed significant predictive value for overall mortality in the multivariate analysis. Surprisingly, median (interquartile range) PTH levels of the survivors were higher than those of the nonsurvivors: 19.7 (4.7-60.8) pmol/l versus 15.6 (6.9-33.6) pmol/l.
None of the variables showed significant predictive value for cardiovascular mortality in univariate Cox regression analysis. In multivariate analysis, only preexisting CVD and serum phosphorus showed significant predictive value for cardiovascular mortality: HR 5.38 (95% CI 1.31-22.19) and HR 3.59 (95% CI 1.32-9.74).
During follow-up, 28 patients received a kidney transplant of whom 4 patients (1 DM, 3 non-DM) had died at the end of follow-up. Performing Cox regression analyses in the population after exclusion of the transplanted hemodialysis patients did not change the initially identified predictive markers of overall mortality.
Discussion
This study showed that skin AF was significantly higher in the nonsurvivor group compared to the survivor group. Baseline skin AF was a predictor of overall mortality and showed independent predictive value regarding overall mortality besides the well-known risk factors serum albumin, preexisting CVD, renal replacement therapy duration at baseline, age, hematocrit, and serum phosphorus, with only little change in hazard ratio compared to the univariate analysis. DM per se, usually an important predictor of mortality in hemodialysis, did not independently have predictive power regarding mortality in the multivariate analysis, probably due to the small group size or to the more pronounced role of the other conventional and nonconventional cardiovascular risk factors in hemodialysis patients in general. We confirmed the independent predictive value of skin AF for overall mortality in hemodialysis patients as previous reported, but now with a slightly longer follow-up [12] . An explanation for the predictive value of skin AF, or AGE fluorescence, could be the intermediate role of AGEs in the development of vascular complications in DM, renal failure and CVD. Besides decreased clearance of AGEs in patients with renal failure, AGE formation is accelerated throughout the years during dialysis, resulting in progressive AGEs cross-linked to long-lived proteins embedded in tissue which may contribute to endothelial dysfunction. Additionally, high oxidative stress levels in patients with end-stage renal disease prior to the start of renal replacement therapy could contribute to increased AGE levels as well [6, 9, 22] . Recent data showed that high skin AF levels, as reflecting AGE accumulation, were found in moderate renal failure as well and were associated with renal and cardiovascular risk factors [17] . In contrast to our findings, previous studies on serum AGEs did not show predictive value concerning (cardiovascular) mortality or morbidity in chronic kidney disease [23, 24] . This might be due to AGE accumulation in skin collagen and other long-lived proteins which are supposed to remain more stable than serum AGE levels due to a variable clearance of circulating serum AGEs in patients with chronic kidney disease. Circulating serum AGEs apparently do not properly mirror chronic tissue AGE accumulation and its ensuing vascular damage on the long term. A recent report observed a relationship between diastolic dysfunction and skin AF in hemodialysis patients, whereas serum AGEs did not support this concept [25] . Another explanation for the higher variability of circulating serum AGEs in hemodialysis patients may be the use of different dialysis modalities [26] [27] [28] .
Both PTH and phosphorus are well-known risk factors for mortality in hemodialysis patients. Although the two variables are most probably depending on each other, they both have their independent effect on mortality. PTH was negatively associated with mortality, with a wide spread of PTH levels in our study group, and with surprisingly higher levels of PTH in the survivor group. This paradoxical finding could be explained by the fact that part of the patients underwent a parathyroidectomy because of tertiary hyperparathyroidism, and lost their ability to produce large amounts of PTH, thus masking a possible correlation between severe parathyroid dysfunction and increased mortality risk.
Several factors may play an important role in the pathogenesis of the so-called 'chronic kidney disease'-associated wasting. Hypoalbuminemia is just one aspect occurring in correlation with those factors and therefore in line with our finding of being associated with mortality. Other factors contributing to protein-energy wasting in chronic kidney disease include systemic inflammation, changes in appetite-controlling hormones from reduced renal clearance, aberrant neuropeptide signalling, insulin and insulin-like growth factor resistance, and metabolic acidosis [29, 30] . Consequently, hemodialysis patients are exposed to chronic inflammation, which might contribute to or overlap with the deleterious effects of oxidative stress in the development of arterial vascular disease. Unfortunately, we did not have sufficient data regarding nonconventional cardiovascular markers of oxidative stress or inflammation (like hs-CRP and IL-6).
There are some technical restrictions of the skin AF measurement. The skin AF reader may also measure fluorophores other than fluorescent AGEs, and there are nonfluorescent AGEs present in the skin as well that may contribute to the overall effects of AGE accumulation. Nevertheless, the predictive value of skin AF is repeatedly confirmed in several studies [12] [13] [14] [15] [16] . Moreover, only patients with skin type Fitzpatrick class I-IV could be included in our study at that time, because of the limitation of the prototype AF reader to measure in dark skin types. This issue was only just solved according to a recent report that skin AF can be measured in dark skin types with a newly developed AF reader [31] . Other limitations of the study are the small sample size and the possible selection bias of the hemodialysis patients with DM. Skin AF measurements were performed during hemodialysis, which theoretically could temporarily increase skin AF levels in association with higher oxidative stress levels induced by dialysis. However, no changes in skin AF before and after hemodialysis sessions could be observed, both in high-and low-flux dialysis settings (unpublished data: Koetsier M: Optical skin spectra reflect changes in tissue after hemodialysis).
In our opinion, our study provides further support for the concept of chronic inflammation and oxidative stress, both contributors to accelerated AGE formation and accumulation, as important nonconventional cardiovascular risk markers of mortality in a hemodialysis population. Measuring skin AF is an elegant and noninvasive method for the assessment of the amount of tissue AGEs, contributing to identify the mortality risk in hemodialysis patients.
To summarize, risk factors which activate chronic inflammation and/or oxidative stress, contribute to the deleterious effects on the vascular wall in patients on hemodialysis. When correcting for other known risk factors, skin AF proved to be a pronounced marker of overall mortality in hemodialysis patients, whereas DM, another well-known risk factor, did not play a role in our study group.
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